Reinforcing properties of psychoactive substances are considered to be critically involved in the development and maintenance of substance dependence. While accumulating evidence suggests that the sensitivity to reinforcement values may generally be altered in chronic substance users, relatively little is known about the influence reinforcing feedback exerts on ongoing decision-making in these individuals. Decision-making was investigated using the Cambridge Risk Task, in which there is a conflict between an unlikely large reward option and a likely small reward option. Responses on a given trial were analyzed with respect to the outcome on the previous trial, providing a measure of the impact of prior feedback in modulating behavior. Five different groups were compared: (i) chronic amphetamine users, (ii) chronic opiate users in methadone maintenance treatment (MMT), (iii) chronic users of illicit heroin, (iv) ex-drug users who had been long-term amphetamine/opiate users but were abstinent from all drugs of abuse for at least 1 year and (v) matched controls without a history of illicit substance use. Contrary to our predictions, choice preference was modified in response to feedback only in opiate users enrolled in MMT. Following a loss, the MMT opiate group chose the likely small reward option significantly less frequently than controls and heroin users. Our results suggest that different opiates are associated with distinctive behavioral responses to feedback. These findings are discussed with respect to the different mechanisms of action of heroin and methadone.
INTRODUCTION
The intake of addictive substances is thought to be motivated by the expected benefits associated with the substance, either in terms of pleasure (Robinson and Berridge, 1993; Wise, 1988) or as a relief from negative affect (Baker et al, 2004) . Consequently, the reinforcing properties of drugs play an important part in both the development and the maintenance of substance dependence (Higgins et al, 2004; Koob and LeMoal, 1997) . Different lines of investigation have suggested that sensitivity to reinforcement values may generally be altered in chronic substance users. For example, substance users frequently make decisions with a view to immediate gratification (Allen et al, 1998; Bickel and Marsch, 2001; Madden et al, 1999; Kirby et al, 1999; Petry, 2003) , and may be less sensitive to negative future outcome ('myopia for the future') (Bechara et al, 1994; Bechara and Damasio, 2002) . It has been hypothesized that substance users are less able to use negative feedback to guide and adjust ongoing behavior . In the present study, we explored the impact of current and previous drug use on decision-making. In particular, we wished to determine how task feedback modified ongoing decision-making. We used the Cambridge Risk Task, in which participants must choose between an unlikely large reward option and a likely small reward option. Feedback was provided by the way of gain or loss of points following each trial. In contrast to pure guessing games, information about reinforcement values and outcome probability was provided, so that participants could make informed choices. We aimed not only to assess the impact of chronic drug use per se, but also to distinguish between the effects of amphetamines and opiates, in the light of conjecture that different motives may underlie the abuse of these two substances. It has been suggested that stimulant users maintain drug taking to experience exhilaration and increase self-esteem, whereas opiate users seek relief from tension and detachment from worry (Spotts and Shonts, 1980; Kreek et al, 2002) . These differences may arise from the distinct pharmacological actions and pharmacokinetic properties of these two agents and may result in different approaches to dealing with feedback. We further aimed to explore whether amphetamines or the type of opiate used, methadone or heroin, impacts differentially on the way feedback modulates behavior. Although methadone is widely used as a substitute for heroin to treat opiate-dependent individuals, the pharmacodynamic effects of these opiates are quite distinct: methadone is a long-acting, full agonist of the muopioid receptor, which prevents opiate withdrawal for 24 h, alleviates craving and stabilizes the hormonal disruptions caused by short-acting mu-opioid receptor agonists such as heroin (diacetylmorphine) (see Kreek, 2000, for review) . Biochemical research suggests that methadone, in comparison to morphine, interacts differentially with respect to both the mu-opioid and delta-opioid receptor, resulting in distinct cellular processes, which may explain the reduced development of tolerance and altered addictive potential of methadone relative to heroin (Blake et al, 1997; Liu et al, 1999) .
We hypothesized that drug-naïve participants would respond to a loss of points by adopting a more conservative tendency on the subsequent trial, and that this conservative response to feedback would be attenuated in drug use groups, and possibly dependent upon the pharmacological properties of the substance of abuse. Former drug users (exdrug users), who had been long-term users of amphetamines and opiates but were abstinent from all drugs of abuse for at least a year at the time of testing, were introduced to assess the reversibility of any effect with prolonged abstinence.
METHODS

Participants
The study was approved by the Local Research Ethics Committees (LREC) in Cambridge (00/405), Huntingdon (H01/635), Peterborough-Fenland (P01/145), and West Suffolk (03/021). A total of 116 participants were recruited for the study, all of whom provided written informed consent prior to participation. Current drug users were recruited through referrals from drug workers in the region and upon recommendations of participants. Ex-drug users were recruited via Narcotics Anonymous and controls by advertisements in the local area.
There were five groups: amphetamine users, opiate users maintained on methadone, opiate users taking only street heroin, ex-drug users and healthy volunteers without a history of illicit substance use. Current substance users all met the DSM-IV (American Psychiatric Association, 1994) criteria for substance dependence for either amphetamines or opiates for the past 3 years. Dependence on other illicit drugs or alcohol led to exclusion from the study, though nicotine dependence was tolerated. Current drug users also reported occasionally taking other illegal substances besides their substance of dependence, which are displayed in Table 1 . Criteria for exclusion, which applied to all groups, were: a regular consumption of alcohol exceeding 21 U/week for men and 14 U/week for woman, a comorbid psychiatric illness, history of head injury, history of an overdose, which required resuscitation and overnight hospitalization. Prior to testing, urine samples were analyzed for the following drugs: morphine, methadone, amphetamine, cocaine, and benzodiazepines using the SureStep Drug Screen Test (Euromed Limited, London, UK). In all, 27 out of 39 opiate users were on a methadone prescription (mean7SD dose: 45717.8 mg, dose range: 20-80 mg) (methadone maintenance treatment (MMT) group). Two also received benzodiazepines on prescription, one was on antidepressant medication (Dothiepin) and another was taking Rabeprazole Sodium for the treatment of heartburn. In all, 12 opiate users were using only street heroin. While all street heroin users were current tobacco smokers (mean7SD 18712.2 cigarettes per day), 96% opiate users in MMT were currently smoking tobacco (mean7SD 20711.3 cigarettes per day). All 39 opiate users tested positive for opiates. In all, 16 MMT opiate users were also positive for morphine and four heroin users for methadone. In all, 20 urine samples also tested positive for cocaine (10 of methadone users and 10 of heroin users) and 18 for benzodiazepines (12 of methadone users and six of heroin users). Seven out of the 24 amphetamine users received d-amphetamine on prescription from a Consultant Psychiatrist (mean7SD dose: 36721.9 mg, dose range: 15-70 mg) but also used street amphetamine. One participant who received d-amphetamine was also prescribed benzodiazepines. Amphetaminedependent individuals without a prescription consumed street amphetamine daily. A total of 88% of amphetamine users were tobacco smokers (mean7SD 1278.1 cigarettes per day). One street amphetamine user was HIV positive. Out of 24 amphetamine users 22 tested positive for amphetamines. The urine screen of one amphetamine user was negative for amphetamine, but since he had consumed a large quantity of non-alcoholic liquids and the time window for detection of amphetamine in the urine is only 24-48 h (UK Department of Health, 1999) , his data were included in the study. The other urine screen negative for amphetamine was positive for cocaine. Two other amphetamine users also tested positive for cocaine, two for benzodiazepines and six for opiates. All 26 ex-drug users had all been dependent on either amphetamines or opiates for at least 3 years and have been abstinent from all drugs of abuse (except nicotine) for at least 1 year (mean7SD years of abstinence 8.276.3). Eight ex-drug users had been exstimulant (amphetamine and cocaine) users, five ex-opiate users and 13 had been dependent on both stimulants and opiates. Of ex-drug users 62% were current tobacco smokers (mean7SD 10710.4 cigarettes per day). All urine samples tested negative for all substances. One ex-drug user was on antidepressant medication (Cipramil) at the time of testing. All control participants had neither a drug-taking history nor received currently psychotropic medication. In all, 11 controls had smoked tobacco in the past and six were smoking tobacco currently (mean7SD 376.4 cigarettes per day). Of these 12 participants had tried cannabis but never developed regular use. One participant was diabetic but was well controlled on insulin. Urine samples of all control participants tested negative for all substances. Further group characteristics including age, gender, handedness, verbal intelligence, Beck Depression Inventory II scores, and years of drug abuse are displayed in Table 2 .
Task
Risky decision-making was investigated using the Cambridge Risk Task (Rogers et al, 1999) , which requires participants to choose between two mutually exclusive options with different probabilities of reward and punishment. On each trial, an array of six boxes was presented on the screen, with a ratio of red and blue boxes (3 : 3, 4 : 2, 5 : 1 boxes) that varied from trial to trial. Participants were told that the computer had hidden a yellow token, at random, behind one of the six boxes and they needed to decide whether the token was hidden behind a red or blue box. Their decision on each trial was shaped by a fixed bet associated with each alternative regarding the magnitude of potential gain or loss (90 : 10, 80 : 20; 70 : 30; 60 : 40; 50 : 50 Beck Depression Inventory-II score (Beck et al, 1996) b Verbal IQ was estimated using the National Adult Reading Test (NART) (Nelson, 1982) .
c Years of drug abuse were assessed from the time that the drug of choice was regularly used (defined as at least four times a week).
points). In the example in Figure 1 , two blue boxes and four red boxes are displayed. The blue boxes are less likely to yield the token but are associated with a 70-point gamble.
The red boxes are more likely but involve only a 30-point gamble. Since each trial is independent from its predecessor, learning effects are obviated. On 80% of trials the probabilities are unequal and the large reward is always associated with the least likely outcome. Participants then have to decide whether to play safe and choose the likely option, which is associated with a small reward, or whether to take a risk and select the unlikely option, which is associated with a large reward. However, playing safe does not imply participants are guaranteed to receive reward, since on 1/4 of trials the likely small reward option will result in loss. Participants started with 100 points available and indicated their choice on each trial by touching a red or blue square at the bottom of the screen. We sought to investigate how often participants made optimal choices (ie selecting the likely small reward option), and whether these choices were modified by feedback (a win or a loss) on the previous trial. When analyzing the effect of feedback on decision-making, we collapsed across risky and safe choices on the previous trial in order to simplify the analysis.
Statistical Analysis
Data were analyzed using the Statistical Package for Social Sciences (SPSS) version 11 (SPSS Inc.). Latency data, years of substance abuse, and BDI-II depression scores were square root transformed and proportion data were arcsine transformed to reduce skew (Howell, 1997) . After transformation all data were normally distributed, as assessed by the Kolmogorov-Smirnov test. One-way analyses of variance (ANOVA) were used to explore group differences in age, verbal IQ, and depression as measured by the BDI-II. Group differences regarding handedness, gender, and the results of the urine screens were analyzed via w 2 or Fisher's exact procedures. Pearson's correlations were two-tailed and significance level of 0.05 was assumed. Risky decisionmaking was analyzed by extracting the 80% of trials with uneven probabilities, on which the least likely option was always associated with the large reward. Since the choices of the likely small reward and risky large reward option were mutually exclusive, we included only the proportion of choices of the likely option in analyses. Our main measure was the proportion of trials on which the participant chose the most likely outcome, which was always associated with a small reward value. We analyzed proportionate choice of the likely outcome across all trials (ie reflecting the overall optimal choices), and separately on trials following a win and on trials following a loss. Group differences on the overall proportion of likely choices were explored via univariate ANOVA. We then analyzed the proportion of likely option choices on trials following a win and following a loss using repeated-measures ANOVA. In order to compare group differences regarding the modulation of feedback on the choice of the likely option, we computed an individual difference score (ie likely choices following a win were subtracted from likely choices following a loss), reflecting whether the likely option was chosen preferably following positive or negative feedback. Group comparisons on the difference score were carried out via univariate ANOVA. Risky decision-making following negative feedback was explored using an analysis of covariance (ANCOVA) on the proportion of likely choices following negative feedback with proportion of choices following positive feedback as a covariate. If not specified otherwise, post hoc tests, thresholded at level po0.05, were conducted using the Tukey test if variances were equivalent between groups or the Tamhane procedure if variances differed between the groups. The latency of the proportion of likely choices was analyzed in the same way as the proportional choices described above.
RESULTS
Group Characteristics
Demographic characteristics and questionnaire scores are displayed in Table 2 . The groups did not differ in regard to age, gender, handedness, or verbal IQ. Moreover, the drug user groups did not differ in terms of years of drug abuse. Regarding the urine screens, the three current drug user groups differed in respect to urine samples tested positive for cocaine (Fisher's exact test, p ¼ 0.002) and benzodiazepines (Fisher's exact test, p ¼ 0.004). Comparisons between the two opiate user groups showed a significant difference regarding samples that tested positive for cocaine (Fisher's exact test, p ¼ 0.041) such as more heroin users tested positive for cocaine than methadone users. Heroin and methadone users did not differ regarding urine samples tested positive for benzodiazepines. For the daily number of cigarettes smoked, the groups differed significantly (F 4,108 ¼ 12.32, po0.001). All current drug users smoked more cigarettes than controls (po0.001 for methadone and heroin, p ¼ 0.005 for amphetamine). Methadone users smoked significantly more cigarettes than ex-drug users (p ¼ 0.002) and at trend level also more cigarettes than amphetamine users (p ¼ 0.054). However, the number of daily cigarettes did not correlate with any outcome measure. All of the current drug users scored higher on the BDI-II than controls (F 4,111 ¼ 11.48; po0.001 for all). Furthermore, both amphetamine and methadone users scored significantly higher on the BDI-II relative to ex-drug users Figure 1 Screen shot of the Cambridge Risk Task. Participants were asked to decide whether a yellow token was hidden behind a red or a blue box. Each decision risked a loss or a gain of a certain number of points associated with the color on that trial. The most likely option was always associated with the small reward value.
(p ¼ 0.022 amphetamines; p ¼ 0.006 methadone). Since BDI-II total score correlated with the overall proportion of likely choices (r ¼ À0.19, p ¼ 0.040) it was included in the analyses as a covariate.
Decision-Making Performance
Overall, all five groups had a conservative gambling strategy and preferred the likely small reward option (likely or optimal choice) to the unlikely large reward option (risky choice). Controls chose the likely option on 83% of trials, amphetamine users on 75%, methadone users on 78%, heroin users in 87%, and ex-drug users on 75% of trials (see Table 3 ). There was no effect of group on the overall preferred choice (F 4,110 ¼ 1.69, p ¼ 0.157). The effect of feedback on proportionate likely choice was analyzed using repeated-measures ANOVA, with feedback (two levelsF positive/negative) as the within-subject factor and group (five levelsFcontrols, ex-drug, amphetamine, heroin, methadone) as the between-subject factor. A highly significant feedback Â group interaction was identified for the choice of the most likely option (F 4,110 ¼ 4.04, p ¼ 0.004). To carry out a post hoc analysis we calculated an individual difference scores of the proportion of likely options chosen with respect to feedback (ie negative-positive feedback). As can be seen from Figure 2 , negative feedback induced greater risk-taking than positive feedback in the methadone group but not in any of the other groups. This differential effect of task feedback on decision-making was significantly greater in the methadone group than in controls (p ¼ 0.003) and heroin users (p ¼ 0.010). The difference between the methadone users and amphetamine users (p ¼ 0.059) and ex-drug users (p ¼ 0.072) was evident at trend levels. Since we were specifically interested in investigating the effect of negative feedback on decision-making, we analyzed proportionate choice of the likely outcome following negative feedback between the groups while statistically controlling for proportionate choice of the likely option following positive feedback in a covariate analysis. This ANCOVA revealed a highly significant main effect of group (F 4,110 ¼ 4.58, p ¼ 0.002). The covariate was also significant (F 4,110 ¼ 187.17, po0.001) but the group Â covariate interaction was not significant, and was therefore removed from the analysis. Post hoc analysis of the main effect of group using Bonferroni-corrected pairwise comparisons indicated that methadone users chose the likely option significantly Figure 2 Mean difference (7SEM) in proportionate choice for the most likely small reward option in respect to feedback (ie choices following a loss minus choices following a win). Negative feedback induced greater risk-taking than positive feedback in the methadone group but not in any of the other groups. This differential effect of task feedback on decision-making was significantly greater in methadone-maintained opiate users than in controls (p ¼ 0.003) and street heroin users (p ¼ 0.010).
less frequently following a loss than controls (p ¼ 0.003) and heroin users (p ¼ 0.010). In other words, although the groups did not differ with respect to their overall choice of the likely small reward option, they did differ in terms of the effect that prior feedback had on their decision-making behavior. When we controlled for the variance in proportionate choice of the likely outcome following a win, it became apparent that methadone users exhibited a risktaking strategy following a loss, choosing the likely small reward option significantly less frequently compared to both controls and heroin users. Overall, the ex-drug users responded significantly faster than all the other groups (main effect of group: F 4,110 ¼ 5.80, po0.001; post hoc: p ¼ 0.001) (see Table 3 ). The repeatedmeasures ANOVA on the latency for the likely option in respect to feedback identified a highly significant feedback Â group interaction (F 4,110 ¼ 5.34, p ¼ 0.001). To carry out post hoc analysis, we calculated individual difference scores of the latency to choose the likely options with respect to feedback (ie negative-positive feedback). The exdrug users were significantly faster in choosing the likely option following negative feedback compared to positive feedback relative to controls (p ¼ 0.003) (data not displayed). However, when we statistically controlled for latency to choose the likely option following positive feedback in a covariate analysis, the main effect of group was not significant (F 4,110 ¼ 0.24, p ¼ 0.918). In other words, ex-drug users were generally faster than the other groups and selected the likely option faster following negative feedback compared to positive feedback relative to controls. However, since the ANCOVA analysis, which controlled for the variance of the latency of likely choices following a win, was not significant, we cannot safely conclude that this effect was specifically related to negative feedback.
In view of the significant difference in responses to negative feedback between the two opiate user groups, we divided the opiate users enrolled in MMT on the basis of the urine analysis into those whose urine tested positive only for methadone (MMTÀ, n ¼ 11) and those whose urine tested positive for morphine in addition to methadone (MMT þ , n ¼ 16). The difference scores on likely choices with respect to feedback were qualitatively very similar (mean7SD, MMT þ : À0.0670.11; MMTÀ: À0.1170.14) and the repeated measures analysis did not identify a significant group Â feedback interaction (F 1,25 o1). We did the same subdivision for the heroin group by separating those heroin users who tested positive for heroin (HÀ, n ¼ 8) and those who tested positive also for methadone (H þ , n ¼ 4). Again the difference scores on likely choices with respect to feedback were qualitatively very similar (mean7SD, H þ : 0.0170.14; HÀ: 0.0570.16), though the numbers in each group were too small to make a meaningful comparison.
With regard to the positive urine screens for cocaine (C) and benzodiazepines (B) among the current drug user groups, we explored a possible influence on choice selection with respect to feedback using repeated-measures ANOVA as described above. Thus, we first divided current drug users into C þ (mean7SD: À0.0470.14) and CÀ (mean7SD: À0.0370.13), but identified no significant group Â feedback interaction (F 1,61 o1) . Similarly, the analysis of B þ (mean7SD: À0.0470.09) and BÀ (mean7SD: À0.0370.15) participants did not produce a significant group Â feedback interaction (F 1,61 o1).
In summary, although the groups did not differ in regard to their overall decisions (they all chose the likely small reward option more frequently than the risky option), they significantly differed with respect to the way in which feedback modulated their choices. Methadone users exhibited risky decision-making following a loss of points relative to a gain of points, a significantly different response to feedback compared to controls and heroin users. Analysis of proportionate choice of the likely option following a loss while controlling for choice selection following a win confirmed the different decision-making strategies between the groups. Methadone users chose the likely option significantly less frequently following a loss compared to both controls and heroin users.
DISCUSSION
This study investigated how reinforcing feedback modulates ongoing decision-making in chronic opiate users, chronic amphetamine users, former drug users and controls. Opiate users enrolled in MMT were significantly more likely to make risky decisions when they had been unsuccessful on the previous trial. Following a loss of points, they exhibited a risk-taking strategy, choosing the likely small reward option significantly less frequently than controls and heroin users. It is remarkable that the risky response selection following a loss in methadone users was not shown in opiate users who only used illicit heroin. This finding was in contrast to expectations, since heroin users lead risky lives both in terms of medical complications, due to the variable quality of street heroin and intravenous drug use, as well as in terms of legal problems involved in obtaining the drug (Farabee et al, 2001; Neiman et al, 2000) . Users under MMT, on the other hand, have opted to be maintained and monitored in a less risky manner (Koester et al, 1999 ). Yet, it was the latter group who appeared to show this increased risk-taking behavior following a loss.
At first glance, the increased risk-taking behavior following a loss of points suggests a hypersensitivity to punishment in methadone-maintained opiate users. Declining the likely small reward option after having suffered a loss could reflect an enhanced desire to make up the lost points. Thus, it might also be argued that a loss of points triggered impulsive responses in methadone users, which over-rode reflective strategies for selecting the most appropriate response. However, response latencies were the fastest in ex-drug users relative to all the other groups but they did not show increased risk-taking behavior following a loss. Thus, fast responding at the expense of sufficient reflection cannot explain the risk-taking strategy following losing. It is noteworthy that 65% of our ex-drug users had been in MMT, but at the time of testing, the quality of decision-making was not significantly different from controls. This would suggest that individuals who opt to enrol in MMT are not risk-taking per se, but that the nature of the opioid received in treatment might have an influence on the feedback processing during decisionmaking.
With respect to the specific characteristics of the Cambridge Risk Task, which requires a decision between options that differ in the magnitude and likelihood of reward, risk-taking behavior may not only have been encouraged by the prospect of a greater reward but also be due to an underestimation of the risk involved. On the Iowa Gambling Task, a decision-making task that requires a series of card selections concerning winning and losing monetary rewards, it has been reported that methadone users show a selective preference for risky options on conditions involving a low frequency of penalty (Mintzer and Stitzer, 2002) . As in our task, overall decision-making was not significantly impaired in methadone users (ie the overall gambling net score did not differ significantly from controls), but disadvantageous choices emerged on conditions when the perception of penalty was less obvious. Thus, methadone users chose advantageously at high-penalty frequency but disadvantageously at low-penalty frequency. This gambling strategy stands in sharp contrast to the impaired decision-making on the Iowa Gambling Task seen in stimulant and alcohol users, who generally make risky decisions throughout (as reflected in a significantly higher gambling net score relative to controls) (Bechara et al, 2001; Bechara and Damasio, 2002) . Moreover, as in our study, the gambling strategy exhibited by former opiate users who had been under MMT but were now abstinent was indistinguishable from controls (Mintzer et al, 2005) . The authors suggested that opiate users currently enrolled in MMT have altered saliency and/or immediacy of penalties (Mintzer and Stitzer, 2002) .
While reward processing in substance using populations has been intensively studied in recent years, the processing of punishment and risk perception, which could lead to disadvantageous choices, has received far less attention. Relatively, little is known about the underlying mechanisms of risk perception but one important candidate neurotransmitter is noradrenaline (NA), a key neurotransmitter for the 'fight-or-flight' decision in a state of increased arousal (Amaral and Sinnamon, 1977; Selye, 1952) . Recently, Rogers et al (2004) found that volunteers given the beta-adrenoreceptor-blocking drug propranolol showed disadvantageous decision-making by choosing a large gamble when the chances of winning were low. As in our task, participants had to make a choice between two options, which were presented simultaneously but, in contrast to our task, the magnitude of the gamble and probabilities associated with each option were independent from each other. They found that when the probability of winning was low, volunteers on propranolol made disadvantageous decisions, as they selected the option that involved a large gamble significantly more frequently than volunteers on placebo. The authors suggested that betaadrenoreceptor blockade attenuates the processing of punishment signals under conditions of increased arousal. Participants on propranolol and on placebo, however, did not differ in their choices when the probability of winning was high. According to Rogers et al (2004) , this is due to the fact that the system processing reward is modulated by serotonin (Rogers et al, 2003) , and therefore had not been affected by propranolol.
In light of the pronounced reward-conflict in the Cambridge Risk task between an unlikely small reward option and a likely large reward option, the similarities in disadvantageous response selection of methadone users and volunteers on propranolol are interesting. Both groups made disadvantageous choices by rejecting the conservative option involving the risk of only a small loss. The similar response pattern suggests that our unexpected finding may be elucidated by considering the influence that methadone exerts on noradrenergic activity. Accumulating evidence suggests that methadone-maintained opiate users have lower concentrations of NA in blood plasma relative to healthy controls (Kienbaum et al, 2001; Stine et al, 2001 Stine et al, , 2002 . Furthermore, it has been shown that chronic muopioid receptor stimulation by methadone exerts similar cardiac effects as propranolol: methadone causes problems in the control of the cardiovascular sympathetic system and has an impact on efferent sympathetic nerve activity to muscle and heart (Kienbaum et al, 2001 (Kienbaum et al, , 2002 . On the basis of these findings, we hypothesize that altered response to punishment in opiate users taking methadone may be a result of NA-downregulation due to the chronic mu-opioid receptor stimulation by a methadone maintenance regimen. Reduced baseline NA levels may be a disadvantage during risk perception, in particular when the risk involved is less salient. Although all information regarding the magnitude of the reward/punishment and the probability of the outcome were clearly displayed in the Cambridge Risk task, it is possible that the loss of points on the previous trial did not increase arousal in methadone users sufficiently to promote the tendency of 'playing safe'. However, further studies comparing indices of NA levels in methadonemaintained opiate users and heroin users would help to clarify whether altered response to punishment in methadone users is caused by NA system alterations.
It is also possible that altered responses to penalty in methadone users are the result of a central dysregulation in the processing of punishment. The anterior cingulate cortex (ACC) is a key region implicated in conflict monitoring, pain affect, and in the assessment of emotional valence and motivational impact of possible outcomes (Bush et al, 2000; Carter et al, 1998; Gehring and Willoughby, 2002; Kerns et al, 2004; Rainville, 2002) . It has been reported that methadone-maintained opiate users show an attenuated response to errors in this region (Forman et al, 2004) , and that activity in the ACC during cognitive performance is related to the sympathetic modulation of heart rate (Critchley et al, 2003) ; an intriguing finding in light of the fact that cardiac effects induced by methadone are far more potent than those induced by morphine or codeine (Katchman et al, 2002; Krantz et al, 2003) . Although abnormalities in ACC activation are not unusual in psychiatric disorders (see Devinsky et al, 1995; Yucel et al, 2003, both for review) and in substance users (see Garavan and Stout, 2005 , for review), differences in ACC function between opiate users maintained on methadone and on morphine, have to our knowledge not been investigated. In light of the important impact abnormal responses to negative feedback may have on learning and social functioning, research into feedback processing using neuroimaging techniques in opiatedependent individuals is needed to better understand abnormal behavioral responses within this patient group.
Although the groups were well matched on variables such as age, verbal IQ, gender, and handedness, and the current user groups did not differ in terms of years of drug use, cigarette smoking, and BDI scores, we need to briefly address possible confounds of the results. First, urine samples provided by current drug users on the day of testing differed in regard to additional positive results for cocaine and benzodiazepines. Yet, there was no significant difference in choice selection following feedback between drug users with and without cocaine or benzodiazepines in their urine. The additional illicit heroin use of the 16 methadone users did not change the response bias towards risk-taking following a loss of points. The additional illicit methadone use of the four street heroin users, who reported taking methadone approximately a fortnight prior to testing due to a shortage in heroin supply and financial difficulties, did not change the results of the heroin group. It is noteworthy that a positive urine screen for methadone after this period of time is not unusual since methadone's nonpharmacologically active primary metabolite 2-ethylidene-1.5-dimethyl-3.3-diphenylpyrrolidine (EDDP) is detectable in the urine up to 9 days after last methadone intake (UK Department of Health, 1999; Wolff, 2003) . In heroin users, who have not been stabilized on methadone, the elimination time may be even longer (Wolff, 2003) . The fact that choice selection with respect to feedback did not differ between the heroin users with and without methadone-positive urine, is consistent with the reported stopgap use of illicit methadone.
Second, we did not assess the time of the last drug intake but all current drug users were dependent on their drug of choice, which they reported taking at least once a day. It could, however, be argued that the abnormal choice selection might be a result of insufficient dosage of methadone in the MMT group, which would affect cognitive function (Lyvers and Yakimoff, 2003) . However, it is unlikely that the altered response to feedback in this group is attributable to early withdrawal, since discontinuation of the chronic mu-opioid receptor stimulation would have resulted in excessively high NA levels, which typically produce the symptoms of opiate withdrawal (Maldonador, 1997; Nestler et al, 1999) . Not only did we observe any symptoms of withdrawal in our current drug users, but also the pattern of choice selection of methadone users would rather suggest reduced levels of NA.
Third, regarding the high depression scores in the current drug user groups and the evidence in the literature of abnormal responses to negative feedback in depressed patients (Elliott et al, 1997; Murphy et al, 2003) , it should be noted that the methadone users were not significantly more depressed than amphetamine users or heroin users, who both showed normal responses to negative feedback. The fact that our findings survived the correction of using the BDI-II depression scores as a covariate indicates that depression did not influence the abnormal response in our methadone group. In view of the large symptom overlap between depression and substance abuse, previous research has recommended higher BDI-II cutoff scores for substance-dependent populations (35 for substance users relative to 14 for non-substance using populations) to avoid an overdiagnosis of clinical depression (Buckley et al, 2001) . In other words, the high BDI depression scores in our current drug users may not reflect clinical depression.
In summary, we investigated how task feedback modifies decision-making in current and former chronic users of amphetamine and opiates and nondrug-taking-matched controls. We found that, following a loss of points, only methadone-maintained opiate users exhibited risk-taking behavior, while controls and heroin users were more inclined to 'play safe' following negative feedback. To our knowledge, this is the first time that abnormal choice preferences in response to negative feedback have been found in opiate users enrolled in MMT but not in street heroin users. Since the two opiate groups were matched on other descriptive variables collected such as years of drug abuse, gender, depression score, handedness, age or verbal IQ, one possible way of explaining the behavioral differences focuses on the nature of the opiate being used. We hypothesize that this unexpected risky decision-making behavior in response to punishment may possibly be a result of reduced NA levels in methadone-maintained opiate users. However, further studies are needed to investigate such differences systematically between opiate users maintained on methadone and heroin users. Since feedback processing plays an important role, not only in decisionmaking, but also in learning and social functioning, further investigation of this impairment in methadone users is warranted; this may provide useful insight for enhancing therapeutic effectiveness for opiate addiction.
